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Ground-based microwave radiometers are getting great attention in recent years due to their capability to
proﬁle the temperature and humidity at high temporal and vertical resolution in the lower troposphere.
The process of retrieving these parameters from the measurements of radiometric brightness temperature
(TB) includes the inversion algorithm, which uses the background information from a forward model. In
the present study, an algorithm development and evaluation of this forward model for a ground-based
microwave radiometer, being developed by Society for Applied Microwave Electronics Engineering and
Research (SAMEER) of India, is presented. Initially, the analysis of absorption coeﬃcient and weighting
function at diﬀerent frequencies was made to select the channels. Further the range of variation of TB for
these selected channels for the year 2011, over the two stations Mumbai and Delhi is discussed. Finally
the comparison between forward-model simulated TBs and radiometer measured TBs at Mahabaleshwar
(73.66◦E and 17.93◦N) is done to evaluate the model. There is good agreement between model simula-
tions and radiometer observations, which suggests that these forward model simulations can be used as
background for inversion models for retrieving the temperature and humidity proﬁles.
1. Introduction
Proﬁling of the atmosphere through the network of
in situ radiosonde (RS) observations and remote-
sensing (satellites) observations is of great impor-
tance to represent the initial three-dimensional
structure of the atmosphere in numerical weather
prediction models. But these two approaches have
their own limitations in their measurements of tem-
perature and humidity. The radiosonde gives the
in situ measurements along the path followed by
the drifting balloon, but not exactly at a vertical
point of the releasing station. In addition, their
costly unrecoverable operation limits the spatial
and temporal coverage. The above limitations of
the radiosonde are overcome by satellite remote
sensing technique measurements by providing the
observations vertically over a station with good
spatial and temporal resolution. These satellite
observations are quite important in the numer-
ical models especially over data sparse oceanic
regions. However, the vertical resolution of satel-
lite measurements is good in higher altitudes and
sparse near surface levels where major exchanges
of momentum, heat and moisture ﬂuxes take place.
This problem can be overcome by the same remote
sensing technique from ground-based instruments
by which high vertical resolution measurements
at surface levels are possible. Usefulness of
ground-based microwave radiometry for retrieving
the proﬁles of temperature and humidity has been
proven quite some time ago (Westwater 1965;
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Decker et al. 1978; Askne and Westwater 1986). In
the last few years, technical improvements and the
intensifying search for alternatives to radiosonde
has led to the development of multichannel
microwave radiometers for the operational proﬁl-
ing of tropospheric temperature and humidity (Del
Frate and Schiavon 1998; Solheim et al. 1998).
With the advantages of continuous proﬁling in time
and good vertical resolution close to the ground in
the planetary boundary layer, this technique may
get importance by providing high resolution data
to assimilate into the numerical weather prediction
models. A good network of operational radiome-
ters along with radiosonde and satellite measure-
ments may deﬁnitely meet the requirement of high
resolution models in the near future.
Retrieval of proﬁles of temperature and humid-
ity from a radiometer includes the conversion of its
measured radiances (brightness temperature) into
atmospheric parameter through inversion model
as depicted in ﬁgure 1. This can be achieved
by comparing simulated radiances (prior informa-
tion) from the forward model, which calculates
the brightness temperature from the known atmo-
spheric parameters as depicted in ﬁgure 2. The
simulation of brightness temperature in forward
model is mainly dependent on weighting functions
for diﬀerent weather parameters, which in-turn, are
dependent on atmospheric absorption of that chan-
nel frequency. In the present article, the process
of algorithm development for a forward model and
evaluation of brightness temperatures simulated by
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Figure 1. Elements of inverse model for an upward-looking
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Figure 2. Elements of forward model for an upward-looking
microwave radiometer.
this forward model with a ground-based microwave
radiometer measurements are presented.
2. Radiative transfer equation
In the forward model, as shown in ﬁgure 2,
the major component is radiative transfer model
(RTM) which estimates TBs in diﬀerent frequency
channels from the known atmospheric state (tem-
perature, pressure and humidity). This RTM gen-
erally uses a radiative transfer equation of the form
(Ulaby et al. 1981):
TAP (v, θ) = TDN (v, θ) + Textra (v) e
−τv sec θ. (1)
In the above equation, second term of the right
hand side is the down-welling cosmic contribution
(∼2.7 K) and ﬁrst term of the right hand side repre-
sents the atmospheric contribution of down-welling
radiation and is given by:
TDN (v) =
∫ ∞
0
W (v, z)T (z) dz, (2)
where ‘v ’ is the channel frequency, θ is the zenith
angle at which radiometer is looking. W (v, z) =
αv (z) e
−τv(0,z) and τv (0, z) =
∫ z
0
αv (z) dz are called
weighting function and zenith optical thickness of
the atmospheric layer. ‘T(z)’ is the temperature of
the atmospheric layer z. The schematic diagram of
these contributions is shown in ﬁgure 3. Hence from
the vertical proﬁles of atmospheric variables like
pressure, temperature, and humidity of diﬀerent
layers, absorption coeﬃcient (αv), weighting func-
tion and then the apparent brightness temperature
can be simulated.
Figure 3. Components contributing to an upward-looking
radiometer at a zenith angle θ.
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3. Atmospheric absorption model
and data used
Radiation is absorbed when a transition takes
place from a lower energy state to a higher energy
state. The transition may involve changes of elec-
tronic, vibrational, or rotational energy or any
of the three types. The absorption spectrum due
to single transition is called a transition line.
Out of the various gases of the atmosphere, the
main natural absorbers are oxygen and water
vapour. The oxygen molecule has a permanent
magnetic moment. Magnetic interaction with the
incident ﬁeld produces a family of rotation lines
in the vicinity of 60 GHz and an isolated line
at 118.8 GHz. Water vapour on the other hand,
is a polar molecule with an electric dipole. Elec-
tric interaction with the incident ﬁeld produces
rotation lines at 22.2, 183.3 GHz and several fre-
quencies in the far-infrared region. For the past
few years, the propagation characteristics of the
atmosphere have been modelled by many people,
like Ulaby et al. (1981), Millimeter wave Prop-
agation Model (MPM) of Liebe et al. (1993),
Liebe (1987, 1989), etc. However, with the advan-
tage of including more components like liquid
water and ice particles contribution in the propa-
gation, better results are derived in precise simu-
lations. MPM model has been widely used around
the world for the propagation measurements. The
details of the MPM (Liebe et al. 1993) propagation
model which is used in the study for atmospheric
absorption coeﬃcient measurements are described
below.
3.1 MPM model (Liebe1993)
In the atmospheric MPM model, modular, quanti-
tative relationships were developed between mete-
orological conditions encountered in the neu-
tral atmosphere and corresponding refractivity.
According to Liebe93 model, the spectral charac-
teristics of the atmospheric medium are expressed
by a complex refractivity,
N=ND +NV +NW
=N0 +N
′ + iN′′ppm (3)
where ND, NV and NW are refractivity due to
dry air, water vapour, and cloud module, respec-
tively. The real part of the N that is (N0+N
′)
changes the propagation velocity and consists of
a frequency-independent term (N0), plus the dis-
persive refraction (N′). The imaginary part (iN′′)
quantiﬁes the loss of radiation energy (absorp-
tion). From refractivity, power attenuation can be
obtained by:
α = 0.1820υN′′ dB/km. (4)
In refractivity calculation, the model considers
44 Oxygen (O2) and 34 water vapour (H2O) local
lines (centered below 1000 GHz).
Refractivity of dry air (dry air module) is
expressed by:
ND = Nd +
∑
k
SkFk +Nn. (5)
Here,Nd is nondispersive term;
∑
kSkFk is contribu-
tion from 44 oxygen line terms; Nn is nonresonant
terms’ contribution, which includes nonresonant
O2 spectrum and pressure induced N2 absorption.
Refractivity of water vapour (water vapour
module) is written in the form
NV = Nv +
∑
l
SlFl +Nc. (6)
Here, Nv is non-dispersive term;
∑
l SlFl is contri-
bution from 34 H2O line terms; Nc is continuum
spectrum.
The interaction of suspended water droplets and
ice crystals (fog/cloud module) with radio waves is
treated by employing the Rayleigh approximation
for Mie extinction,
Nw=1.5
(
w
mw,i
)[
(εw,i − 1) (εw,i + 2)−1
]
(7)
Here mw,i is speciﬁc weight of water droplets or
ice (g/cm3); εw,i is permitivity of water or ice; w
is water mass density (g/m3). According to Liebe,
water droplets in the atmosphere form when the
relative humidity exceeds saturation (u = 100–
101%), whereby temperature can be as low as
−40◦C (supercooled water). This condition has
been used for enabling the cloud module in the
MPM absorption model.
From all the above equations (3–7), the MPM
model for non-cloudy conditions can be made up by
N = ND+ NV and for fog/cloud cases by N = ND+
NV+ NW. The imaginary part of this refractivity is
used for the calculation of loss of radiation energy
(absorption) using equation (4). The more detailed
description of the model can be found in Liebe
et al. (1993).
The daily radiosonde (RS) data launched at dif-
ferent meteorological stations around the world
are available to public users, provided by the
University of Wyoming (http://weather.uwyo.edu/
upperair/sounding.html). In the present study, the
daily radiosonde data for the year 2011 over two
tropical stations, Mumbai (72◦49′E, 18◦57′N) and
Delhi (77◦12′E, 28◦39′N) were collected to com-
pute the brightness temperatures. To evaluate the
forward model, the available simultaneous mea-
surements of radiosonde and radiometer at Maha-
baleshwar (73.66◦E, 17.93◦N) are considered.
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4. Results and discussion
As discussed earlier, the forward model includes
the computation of TBs using absorption coef-
ﬁcient and weighting functions from the known
atmospheric conditions. In this section, the sim-
ulation results of these variables and compari-
son between estimated TBs from the model and
observed radiometer TBs are presented.
4.1 Absorption coeﬃcient
The absorption coeﬃcient can be computed using
MPM and known atmospheric parameters like
pressure, temperature, and humidity. Absorption
coeﬃcient variation from individual modules of
MPM for 1–100 GHz frequency range at an atmo-
spheric condition of 1013 hPa pressure, 293 K tem-
perature, 100% relative humidity and 1 g/m3 liquid
density is shown in ﬁgure 4(a). The water vapour
Figure 4. MPM model based absorption coeﬃcient variation between 1 and 100 GHz for diﬀerent modules of the model
(a) and the total absorption for diﬀerent atmospheric levels (b).
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module shows a variation of 10−4 to 1 dB/km
with one peak rising between 20 and 28 GHz cen-
tered at 22.235 GHz. Oxygen modules shows a
peak around 60 GHz band with absorption coef-
ﬁcient value of nearly 16 dB/km. Water droplet
and ice crystal modules show a gradual rise of
absorption with frequency. It is also observed that
the absorption of liquid droplets is higher than
ice crystals. Further this absorption coeﬃcient
pattern for diﬀerent height levels (diﬀerent atmo-
spheric conditions) is tested using a winter day
(31 January 2012) radiosonde data (ﬁgure 4b).
From this it is observed that, with increasing
height, the pressure broadening absorption lines
are becoming narrower. At higher heights (nearly
above 16 km), line structures of oxygen rotation
lines can be seen, whereas at surface these lines
do not appear (ﬁgure 4b). This may be due to
the spectral width of each line exceeding the fre-
quency interval between lines and hence it appear-
ing as a continuous absorption band at the surface
(Lhermitte 2002).
Figure 5. Normalized temperature weighting function of selected channels at 50–60 GHz broadening.
Figure 6. Water vapour weighting functions of selected channels between 20 and 30 GHz broadening.
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4.2 Weighting function
The weighting function is a weightage that repre-
sents the emission contribution of each layer based
on its atmospheric properties. From the absorption
coeﬃcient values, the weighting function of selected
frequency channels of temperature (50–60 GHz)
and water vapour (20–30 GHz) are analysed. The
normalized (from the surface value) temperature
weighting function at diﬀerent frequency channels
is shown in ﬁgure 5. Due to strong absorption
property in the lower levels, the weighting function
is large in the lower levels and gradually decreases
with height. The lower frequency channels
(∼50 GHz) contribute nearly up to 10 km whereas
higher frequency channels (∼60 GHz) contribute
below 1 km. The weighting functions of water
vapour channels have shown gradual decaying with
height except in the case of 22.235 GHz, where
there is a slight increase as a function of height
(ﬁgure 6).
4.3 Brightness temperature
From the weighting functions and known tempera-
ture and humidity proﬁles the apparent brightness
temperature can be computed (using equations 6
and 7). Hence to check the range of variation of TB
values in diﬀerent seasons at Mumbai and Delhi,
the TBs of selective water vapour and tempera-
ture channels based on the RS proﬁles of 2011 are
presented in. These proﬁles reveal that the range
of variation is between 10 and 100 K for water
vapour channels and 70 and 280 K for temperature
channels.
Figure 7. Forward model simulated brightness temperature of the water vapour channels for the year 2011 at (a) Mumbai
and (b) Delhi.
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4.3.1 Water vapour channels
In the water vapour channels 22.035 and
22.235 GHz, channels have shown highest amounts
of TB values and 30 GHz channel has shown low-
est values (ﬁgure 7). In 2011, winter months (1–50
samples) have shown the TB values in the range
8–59 K at Mumbai and 9–49 K at Delhi. In the
pre-monsoon months there is a gradual increase of
TB at both the stations with a range of 8–65 K at
Mumbai and 9–59 K at Delhi. After onset of the
monsoon there is a rapid increase of TB, reaching
the maximum in all the channels at both the sta-
tions. The range of TB is 30–99 K at Mumbai and
20–95 K at Delhi. During the monsoon retrieval,
there is a rapid fall of TB at Delhi and gradual fall
at coastal station Mumbai. In post-monsoon sea-
son a small peak in TB is observed at both the
stations. On the whole, coastal station Mumbai
has shown higher TB values than inland station
Delhi.
4.3.2 Temperature channels
The temperature channels 51.25, 52.28, 53.85 and
54.94 GHz have shown (ﬁgure 8) slight variation
throughout the year whereas other three channels
have shown decrease of TB in the monsoon season
at both the stations. The delay of monsoon onset
over Delhi compared to Mumbai is reﬂected in TBs
of both temperature channels and water vapour
channels.
4.4 Evaluation of the model
In order to evaluate the forward model, a com-
parison of model simulated TB and simultane-
ously measured TB of radiometer (MP-3000A
model from Radiometrics) [Radiometrics opera-
tional manual 2008] at Mahabaleshwar station of
three wet events (one event on 4 August 2011,
two events on 28 June 2013) and seven dry events
(1 and 19 December 2012; 2, 16 and 23 January
Figure 8. Forward model simulated brightness temperature of the temperature channels for the year 2011 at (a) Mumbai
and (b) Delhi.
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Figure 9. Comparison between model estimated and radiometer measured brightness temperature on (a) 4 August 2011,
(b) 1 December 2012, (c) 2 January 2013, (d) 23 January 2013 and (e) 20 February 2013.
2013 and 6 and 20 February 2013) is shown in
ﬁgures 9 and 10. The frequency channels of water
vapour and temperature of this radiometer are
shown in table 1. The results show that the TB
of water vapour channels nearly varies between 5
and 35 K in the dry season, whereas in the mon-
soon it varies between 47 and 110 K. Similarly,
the variation of TB of temperature channels is 77–
290 K in the dry season and that in the monsoon
season is 140–293 K. Comparative analysis indi-
cates that in most of the cases there is a good
agreement between simulated and observed TBs of
both temperature and water vapour channels with
a deviation in the range of 0–5 K. This diﬀerence
in simulation and measurements may be due to the
diﬀerence in the measurements of radiosonde (mea-
sures along the path of the balloon) and radiome-
ter (measures exactly along the vertical direction).
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Figure 10. Comparison between model estimated and radiometer measured brightness temperature on (a) 19 December
2012, (b) 16 January 2013, (c) 6 Febuary 2013, (d) 3 GMT of 28 June 2013 and (e) 12 GMT of 28 June 2013.
However, this diﬀerence in the TB will be reduced
through optimization of the cost function in
inversion methods by adjusting the atmospheric
state vector (temperature and humidity proﬁles).
Only on 28 June 2013 12 GMT (rainy time), the
simulated TBs of some of the temperature chan-
nels have shown higher values than radiometer
measures. This may be due to the erroneous
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Table 1. Frequency channels of radiometer used
for evaluating the forward model.
Water vapour Oxygen
Sl. no. channel (GHz) channels (GHz)
1 22.234 51.248
2 22.500 51.760
3 23.034 52.280
4 23.834 52.804
5 25.000 53.336
6 26.234 53.848
7 28.000 54.400
8 30.000 54.940
9 – 55.500
10 – 56.020
11 – 56.660
12 – 57.288
13 – 57.964
14 – 58.800
measurements of radiometer and radiosonde during
heavy rain time (ﬁgure 10e).
5. Summary
An algorithm of a forward model for a ground-
based microwave radiometer is developed using
radiative transfer equations and MPM based
absorption model. The analysis of absorption coef-
ﬁcient and weighting function values in various
atmospheric conditions is useful in selecting fre-
quency channels that can be used in building
the microwave radiometer. The model-simulated
brightness temperature values of diﬀerent seasons
of 2011 over the two stations Mumbai and Delhi
gave the approximate range of variation of TB val-
ues in diﬀerent frequency channels. The diﬀerence
between the date of monsoon onset over the two
stations is clearly reﬂected in both temperature
and humidity channels. As a coastal station, Mum-
bai is showing slightly higher values of TB than
Delhi. Evaluation of model simulated TBs show
good agreement with the actual measurements of
microwave radiometer at Mahabaleshwar station.
Simulated TBs can be used as background informa-
tion in the inversion model to retrieve the actual
atmospheric state variables like temperature and
humidity in continuation of this work.
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